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1. 


INTRODUCTION 


This  project  was  initiated  in  January  1990  under  ONR’s  Accelerated  Research  Iniuative 
“Acoustic  Damping  Materials”  with  the  purpose  of  exploring  new  methods  of  vibration  absorption 
using  a  composite  system  with  a  ferroic  solid  as  the  active  phase.  The  choice  of  ferroic  solid 
controls  the  major  damping  mechanisms,  whereas  the  matrix  material  provides  mechanical  strength 
as  well  as  stress  transfer  to  the  active  phase. 

Our  choice  for  the  active  phase  is  a  piezoelectric  ceramic  material,  lead  zirconate  titan.ite 
(PZT).  The  principle  of  shunted  passive  piezoelectric  damping  was  demonstrated  using  PZT 
ceramics  in  both  theory  and  experiment  during  the  first  and  second  years  of  the  contract  under 
Grant  No.  N00014-90-1540.(^’2)  In  passive  energy  dissipation  applications,  the  electrodes  of  the 
piezoelectric  ceramics  are  shunted  with  some  electric  conductance,  hence  the  term  “shunted 
piezoelectric”. 

The  third  year’s  effort,  starting  under  current  contract  No.  N00014-92-J-1391,  uas 
directed  at  studying  the  ways  in  which  PZT  fibers  could  be  incorporated  into  structural  materials  to 
achieve  shunted  piezoelectric  damping.  Fine  PZT  tubes  (1.2  mm  in  diameter),  which  arc 
commercially  available,  were  obtained  to  demonstrate  PZT  incorporation  in  structural  materials. 
One  of  the  first  methods  tried  was  two-tube  PZT  modules  in  a  polymer  matrix  with  external 
resistance.  Another  approach  was  to  produce  PZT  tubes  in  a  glass-fiber  reinforced  epoxy. 

One  of  the  most  practical  methods  for  large-scale  production  of  structural  polymeric 
materials  is  to  use  piezoelectric  ceramics  in  fiber  form,  which  must  have  high  electro-mechanical 
coupling  and  must  have  diameters  that  are  comparable  to  those  of  reinforcing  fiber  materials  used 


in  the  structural  composites.  The  demonstration  of  sol  -gel  derived  PbTiOs  and  PZT  fibed^ 
indicated  that  the  sol-gel  route  is  the  optimum  method  for  producing  sub- 100  )im  diameter 
piezoelectric  ceramic  fibers. 

The  third  and  fourth  years’  (this  report  period)  effort,  therefore,  was  aimed  at  producing 
fine  PZT  fibers  by  the  sol-gel  method,  at  optimizing  this  sol-gel  process,  and  at  establishing 
methods  to  pole  and  to  characterize  such  fine  fibers  with  diameters  less  than  100  )im. 

A  portion  of  the  effort  was  also  aimed  at  establishing  modeling  methods  to  estimate  the 
achievable  damping  levels,  the  shape  of  frequency-dependence,  and  the  effects  of  complex  stress 
states  and  shunting  network  topology. 
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2. 


ACHIEVEMENTS  FOR  THE  PERIOD  FROM  FEBRUARY  1,  1993  TO 
JANUARY  31,  1994 


The  achievements  in  this  period  were  multifaceted.  First,  in  order  to  consistently  produce 
PZT  fibers,  a  study  for  understanding  and  controlling  the  mechanisms  for  PZT  sol-gel  transition 
was  undertaken.  Secondly,  independent  from  the  sol-gel  fiber  formation  study,  the  method  to 
characterize  fine  PZT  fibers  had  to  be  established  to  understand  their  properties.  Third,  the  method 
for  continuously  poling  fine  PZT  fibers  without  applying  electrodes  was  established.  Founh,  area 
with  the  conjunction  with  theory,  the  methods  necessary  to  apply  a  resistive  coating  on  the  fiber  is 
to  explored.  The  experiment  was  performed  using  PZT  plates  to  determine  the  conditions.  Lastly, 
modeling  of  resistively  shunted  PZT  embedded  composites  has  been  developed  to  describe  the 
behavior  as  well  as  to  be  a  tool  for  design  of  such  composites. 

2.1.  Sol'Gel  Chemistry  and  Fiber  Formation 

With  the  help  of  the  ONR’s  AASERT  (Augmentation  Awards  for  Science  and  Engineering 
Research  Training)  support,  a  student  has  been  looking  into  the  effects  of  additives  and  the 
processing  conditions  on  the  sol-gel  transition  and  the  fiber  drawing  ability. 

In  order  to  understand  the  factors  that  affect  the  gelation  of  organically  derived  solutions,  it 
is  necessary  to  develop  a  systematic  scheme  to  isolate  a  particular  variable.  The  variables  in 
question  can  then  be  studied  by  altering  the  processes  involved.  The  following  are  a  number  of 
variables  which  are  influential  on  the  quality  of  the  solution  itself: 

a.  Selection  of  precursors 

b.  Hydrolysis/humidity 

c.  pH/acid  addition 

d.  Others 

The  sol-gel  transition  is  accompanied  by  a  rapid  change  in  viscosity  and  rheological 
behavior.  The  transition,  or  Tgei,  is  defined  as  when  the  last  bond  is  formed  between  large 
interconnected  networks,  forming  a  continuous  network  throughout  the  sample.  This  last  bond  in 
no  different  from  any  other  bond  in  the  system;  however,  it  is  the  first  bond  to  give  the  whole  body 
elasticity.  At  this  point,  the  mass  is  referred  to  as  a  wet  gel.  In  a  wet  gel,  there  are  two  continuous 
networks:  polymer  chains  and  a  liquid  phase.  The  liquid  phase  comprising  the  gel  at  Tgci  is 
considered  to  have  almost  equivalent  transport  properties  as  a  pure  liquid.  Also,  it  has  been  shovs  n 
that  the  rate  of  evaporation  from  a  wet  gel  and  a  pure  liquid  is  equal.  As  the  gel  dries,  synthesis 


continues  and  large  capillary  pressures  build.  Tgei  in  fiber  drawing  would  be  the  point  at  which  >ol 
loses  its  ability  to  form  a  fiber. 

The  viscosity  of  the  sol  is  important  in  fiber  drawing.  Through  the  sol-gel  transition,  there 
is  an  exponential  increase  in  viscosity.  Initially,  the  viscosity  ranges  from  1  to  20  cp  and  only 
increases  slightly  with  the  polymerization  until  the  gel  point  nears.  As  the  condensation  reaction 
continues,  the  polymer  chains  begin  to  become  entangled  and  crosslinked,  connecting  independent 
polymer  clusters.  This  results  in  an  exponential  rise  in  viscosity.  The  rise  in  viscosity  must  be 
controlled  to  optimize  fiber  drawing.  The  exact  viscosity  in  the  fiber  drawing  region  has  not  yet 
been  determined.  It  is  important  to  have  a  viscous  solution  to  pull  a  fiber  and  retain  its  shape  after 
it  has  been  drawn. 

The  rheological  behavior  of  the  sol  also  changes  during  the  sol-gel  transition.  The  initial 
sol  is  composed  mainly  of  solvent  and  additives,  plus  the  polymer  components  which  are  only  a 
few  atoms  in  length.  Thus,  the  sol  should  exhibit  a  Newtonian  behavior.  Once  the  network  chains 
begin  to  crosslink  and  start  to  become  entangled,  the  rheological  properties  change  to  a  shear 
thinning  or  a  pseudoplastic  behavior.  The  best  fiber  drawing  sols  (drawn  using  a  glass  rod) 
display  Newtonian  or  pseudoplastic,  whereas  the  sols  that  exhibit  shear  thinning  are  unsuitable  for 
drawing  fibers.  It  is  possible  to  obtain  a  network  structure  that  has  a  constant  viscosity  with 
increasing  shear  rate.  This  occurs  if  the  polymer  is  linear  with  very  little  crosslinking,  which 
usually  happens  under  acidic  conditions. 

Currently  the  experiments  are  being  carried  out:  (1)  vary  the  amount  of  water  per  mole  cn 
PZT  starting  at  1:1  H20:PZT,  (2)  vary  the  temperature  (room  temp.,  40,  60,  and  80*C),  and  ( i 
repeat  (1)  and  (2)  varying  the  amount  of  acid  (HNO3)  added  during  curing  starting  at  1:1. 

The  results  of  the  above  experiments  are  intended  to  be  summarized  in  the  AASERT  annual 
report  in  June  94. 

2.2.  PZT  Fiber  Characterization  Methods 

A  special  fixture  was  built  to  measure  dielectric  and  polarization  properties  of  single  PZT 
fibers.  A  special  tool  was  also  used  to  determine  mechanical  tensile  strength  of  the  sol-gel  derived 
PZT  fibers.  It  was  found  that  the  sol-gel  derived  PZT  fibers  fired  at  1250*C  with  an  average 
diameter  of  30  |im  have  similar  dielectric  constant,  polarization  hysteresis,  and  mechanical 
properties  to  those  of  bulk  PZT  ceramics.  A  detailed  report  on  the  characterization  methods, 
results  and  discussion  is  found  in  the  published  proceedings  attached  in  Appendix  A. 
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2.3.  Fiber  Poling  Method 


Lead  zirconate  titanate  (PZT)  ceramics,  unlike  single-crystal  piezoelectric  materials  such  as 
quartz  or  Rochelle  salt,  are  polycrystalline  materials,  which  consist  of  a  multitude  of  tiny, 
piezoelectric  crystallites  at  random  orientation.  This  random  orientation  causes  the  overall  ceramic 
to  be  inactive,  with  no  piezoelectricity  detectable  until  some  means  is  found  to  polarize  the  ceramic 
as  a  whole  entity.  The  decisive  step  here  is  the  poling  process:  that  is,  application  of  a  high  voltage 
sufficient  to  reverse  the  electric  moments  of  spontaneously  polarized  regions  in  the  ceramic. 

Almost  all  of  the  piezoelectric  composites  consisting  of  PZT  ceramic  and  an  insulating 
matrix,  such  as  polymer,  have  been  poled  after  the  composite  formation  is  completed.  This, 
however,  limits  the  thickness  (distance  between  electrodes)  of  the  composite  to  less  than  1  cm. 
since  the  typical  required  poling  field  for  PZT  is  between  10  to  30  kV/cm.  It  also  requires  the 
electrode  coating  on  the  entire  surface  as  shown  in  the  shaded  area  of  the  composites  in  Fig.  1 . 


I'AHTICLES  IN  A  NOLYMCR 


PZT  RODS  IN  A  polymer 


PZT  SPHERES  IN  A  POLYMER 


Figure  1.  Schematic  diagram  of  some  types  of  PZT  composites  with  electroded 
surface  (shaded  area,  only  top  surface  is  shown). 

It  has  been  proven  that  the  most  efficient  piezoelectric  passive  damping  is  achieved  by 
using  k33  coupling  coefficient  of  PZT,  which  would  have  the  fiber  poled  in  length  direction  and  the 
stress  applied  to  the  same  direction^^’^).  Therefore,  the  attempts  have  been  made  to  pole  these  fine 
fibers  in  longitudinal  direction  before  the  incorporation  into  the  matrix.  In  addition,  for  the  passive 
damping  applications,  incorporation  of  already  poled  fibers  will  permit  us  to  produce  large  size 
composites  for  structural  materials. 

Prior  art  describing  continuous  poling(^)  required  close  contact  of  the  electrode  with  PZT 
ceramic.  The  method  described  in  last  year’s  technical  report^  also  that  the  required  conductive 
rubber  ring  be  in  contact  with  the  PZT  fiber.  Due  to  the  fragile  nature  of  the  fine  PZT  fibers,  this 
method  was  not  feasible.  Therefore,  based  on  the  limiting  conditions  that  a  large  amount  of  fibers 
need  to  be  poled  simultaneously  and  continuously  and  that  the  fine  fibers,  although  retaining  the 
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mechanical  properties  of  bulk  PZT,  are  rather  fragile,  a  new  poling  method  was  attempted,  and  u 
showed  initial  success.  Nonetheless,  the  fibers  used  for  this  experiment  were  extruded  PZT-5H 
( 1 20  |im  in  diameter)  obtained  from  CeraNova  Corp.  for  the  ease  of  handling,  instead  of  sol-gel 
derived  PZT  fiber. 

Fig.  2  describes  the  poling  PZT  fibers  in  which  PZT  fiber  is  threaded  through  two  small 
holes  (0.45  mm  diameter),  one  hole  in  a  large  stainless  steel  sphere  (10  cm  diameter),  and  the  other 
in  a  large  metal  plate  (25  cm^),  2  to  4  cm  apart.  With  the  plate  at  ground  potential,  the  sphere  is 
gradually  raised  to  sufficient  voltage  to  significandy  exceed  the  coercive  field  of  the  PZT.  The  high 
voltage  side  is  at  the  sphere  in  order  to  reduce  the  breakdown  and  corona  effects  that  exist  at  the 
edge  of  a  plate. 


Figure  2.  Fiber  poling  apparatus 

The  fiber  segment,  where  the  30  kV/cm  field  was  applied  between  the  sphere  and  plates  m 
air,  showed  a  nearly  complete  shift  of  the  first  hysteresis  loop,  which  indicates  that  the  fiber  ha> 
been  poled. 

Since  the  voltage  is  slowly  raised  compared  to  the  charging  times  involved,  it  is  considered 
to  be  the  static  field  case.  In  this  case,  the  electric  field  in  and  around  the  fiber  is  nearly  uniform 
The  only  perturbations  from  uniformity  are  caused  by  the  small  holes  in  the  plates  and  the  sphencal 
geometry  of  the  high  voltage  side.  Yet  the  holes  are  quite  small  compared  to  the  separation 
distance  and  the  diameters  of  the  plates;  thus  they  do  not  significantly  affect  the  field.  As  the 
voltage  is  raised,  most  of  the  fiber  is  forced  to  experience  the  field  between  the  sphere  and  the 
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plate.  In  the  area  where  the  fiber  is  threaded  in  the  holes,  the  field  must  be  curving  radially 
outward,  but  this  is  a  very  short  zone,  on  the  same  order  as  the  hole  diameter. 

The  majority  of  the  fiber  should  be  subjected  to  a  longitudinal  field,  which  could  pole  the 
fiber;  except  that  as  the  field  in  the  fiber  approaches  the  coercive  field,  significant  charge  separation 
occurs.  There  has  to  be  a  mechanism  to  draw  off  that  charge,  or  it  would  tend  to  cancel  the  applied 
field.  This  is  the  reason  for  not  being  able  to  pole  a  bulk  PZT  with  non-contacting  electrodes  In 
this  case,  however,  the  charge  starts  to  accumulate  in  a  ring  where  the  fiber  is  threaded. 

There  are  several  assumptions  as  to  how  this  charge  is  dissipated  in  the  experiments: 

1 .  Corona  formation  from  the  surface  of  the  sample  to  the  sharp  edge  of  metal  forming  the 
circumference  of  the  hole  where  the  fiber  is  threaded  through. 

2 .  Air  breakdown  caused  in  the  same  way  a  corona  is  formed. 

3 .  Conduction  through  the  fiber,  possibly  along  grain  boundaries. 

4 .  Surface  conduction  driven  by  the  high  field  of  case  3. 

The  one  problem  with  this  method  is  that  the  air  between  the  plate  and  sphere  tends  to  break 
down.  Poling  at  an  elevated  temperature  will  not  only  be  able  to  increase  the  breakdown  strength 
but  also  make  the  poling  of  PZT  relatively  easier. 

2.4.  Resistive  coating 

According  to  our  calculations  (found  in  2-5  Modeling  section),  the  realistic  range  for  the 
fiber  coating  resistivity  is  10^  to  10^  flem,  assuming  1  mm-coating  thickness  on  the  30  pm 
diameter  PZT  fibers  so  as  to  damp  a  frequency  of  less  than  100  Hz. 

The  conditions  required  for  the  coating  process  and  materials  are: 

1.  Lower  substrate  (PZT)  temperature  to  avoid  depoling 

2.  Shorter  exposure  to  vacuum  to  avoid  reduction  of  PZT  surface 

3.  Easy  resistivity  control 

4.  Stable  in  environment  and  compatible  with  host  material  (polymer) 

5.  Lower  cost 

Various  kinds  of  metal  targets  can  be  used  to  produce  controlled  resistive  coatings  in  ihe 
form  of  metal  oxides  by  sputtering  or  deposition  techniques.  As  an  initial  trial,  microwave  pla>nu 
deposition  of  an  AI2O3  coating  using  an  A1  target  was  tried  on  several  flat  bulk  PZT  substruiCN 
Surface  resistance  for  a  0.7  pm  coating  was  over  10^  Q,  which  was  calculated  to  be  a  resistivity  .  -t 
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>  10^  Q  cm.  By  increasing  deposition  time  and  deposition  rate,  a  coating  thickness  of  1  uni 
was  obtained.  Due  ")  the  constraints  of  the  resistivity  range  and  the  coating  thickness,  the  coating 
resistance  is  in  il  >  range  which  is  difficult  to  measure  precisely  (resistance  value  over  10^^  Q).  The 
measuremeiii  technique  for  this  resistance  range  needs  to  be  carefully  established. 

Other  materials  and  methods  that  are  available  at  the  Materials  Research  Laboratory  for 
resistive  coating  for  PZT  include  magnetron  sputtering  or  arc  source  vapor  deposition  of 
carbon/graphite  to  diamond-like  films.  The  substrate  temperature  during  the  sputtering  ranges 
from  room  temperature  to  60*C.  Graphite  is  an  electrical  conductor  and  anisotropic  material,  in 
which  each  atom  is  sp2  bonded.  Diamond  is  a  hard, wide- band  gap  semiconductor,  in  which  each 
atom  is  4-fold  coordinated  and  sp^  bonded.  By  controlling  sp2  and  sp^  bonding  ratio,  one  can 
obtain  a  coating  with  a  certain  resistivity  value. 

If  a  lower  resistivity  is  required,  a  layer  of  metal  clusters,  such  as  copper,  with  a  controlled 
thickness,  will  provide  necessary  resistivity.  Protective  coating  (e.g.,  AI2O3)  will  be  needed  to 
prevent  oxidation  of  the  metal  as  shown  in  Fig.  3. 


Figure  3.  Example  of  Application  of  Cu  clusters. 

2.5.  Modeling 

The  initial  modeling  effort  to  provide  performance  analysis  of  PZT  containing 
polymer/matrix  composite  lamina  has  been  summarized  in  the  article  in  Appendix  B. 

An  analytical  model  to  describe  the  behavior  of  polymer  matrix  composites,  which  arc 
passively  damped  using  resistively  shunted  piezoelectric  fibers,  is  developed  for  enhanced 
damping  performance  of  the  composite.  The  fibers  may  (or  may  not)  serve  as  the  sole 
reinforcement  in  the  composite.  Given  the  structural  geometry  and  mechanical  propenies  of  the 
constituents  in  the  composite,  the  model  should  be  capable  of  predicting  modal  frequencies  and 
damping  of  the  passively  damped  composite  structure. 

As  a  summary,  for  a  one-dimensional  case,  the  two  coupled  3-D  governing  differential 
equations  reduce  to  one  equation  of  the  form  {pa>2  -  K)  U  =  0,  where  U  is  complex  mechanical 
displacement  and  K  is  complex  stiffness,  and  loss  factor  of  the  domain  is  calculated  as  a  function 
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of  the  frequency  and  material  properties.  Yet,  to  be  of  practical  benefit,  the  model  should  be  able 
to  work  in  an  inverse  manner,  i.e.  given  the  desired  damping  and  structural  frequencies,  determine 
the  material  parameters  such  as  suitable  volume  fractions,  resistive  coating  characteristics  etc  This 
model  may  be  used  to  this  effect  by  calculating  peak  loss  factors  and  corresponding  frequencies  for 
several  sets  of  material  parameters.  The  details  are  described  as  follows. 

:.5.1.  Formulation 

The  key  factors  in  formulating  the  model  are: 

•  The  composite  is  made  up  of  fibers  embedded  in  a  polymer  matrix.  The  fibers  can  either  be 
shunted  piezoelectric  fibers  alone,  or  shunted  piezoelectric  fibers  and  reinforcing  fibers 
(graphite,  glass  etc.).  Shunting  of  the  piezoelectric  fibers  is  done  by  coating  the  fibers  v^ith 
a  resistive  material  (e.g.,  l|J.m  coating  on  a  30  |im  fiber).  Shunting  in  this  manner  will 
make  use  of  the  electromechanical  coupling  along  the  poling  direction  (k33)  of  the 
piezoelectric  fiber. 

•  Treat  the  entire  structural  domain  as  a  piezoelectric  medium,  with  the  matrix  and  coating 
assumed  to  have  zero  dielectric  and  piezoelectric  properties.  The  resistive  coating  on  the 
piezoelectric  fiber  is  treated  as  an  electrical  boundary  between  the  fiber  and  the  matrix. 

•  The  volume  fraction  of  the  resistive  coating  is  much  smaller  than  that  of  the  fiber  or  the 
matrix  and  the  coating  is  assumed  to  play  no  other  role  than  dissipating  electrical  energy 
developed  in  the  piezoelectric  fiber.  Yet,  if  necessary,  it  will  be  possible  to  include  the 
mechanical  properties  of  the  coating  in  the  overall  properties  of  the  composite. 

•  The  quasi-static  assumption  of  the  linear  piezoelectric  theory  is  valid.  It  is  assumed  that 
phase  velocities  of  electromagnetic  waves  are  much  higher  (6  orders  of  magnitude)  than 
those  of  waves  due  to  structural  vibration.  The  model  is  focused  on  the  spatial  and  time 
dependent  behavior  of  electric  potential  and  charge  distribution  within  the  piezoelectnc 
fiber/resistive  coating. 

•  There  are  no  "electrodes"  on  the  piezoelectric  fiber.  Instead,  the  resistive  coating  on  the 
fiber  serves  as  the  external  electrical  path  for  charge  developed  in  the  piezoelectric  fiber 
Flow  of  charge  within  the  resistive  coating  dissipates  energy. 
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•  As  the  model  examines  spatial  and  time-dependent  behavior  of  electric  potential  and  the 
charge  distribution  within  the  piezoelectric  fiber,  the  electric  field  within  the  fiber  i>  not 
assumed  to  be  uniform. 

•  Multiaxial  stress  states  in  the  piezoelectric  fiber  and  their  effect  on  the  overall  energy 
dissipation  will  be  examined.  Models  in  the  literature  are  restricted  to  uniaxial  stress  states 
in  the  piezoelectric. 

•  To  describe  the  electromechanical  behavior  of  the  structure,  two  dependent  fields,  u 
(mechanical  displacement)  and  0  (electric  potential)  were  defined.  Two  coupled  differential 
equations  governing  the  spatial  and  time-dependent  behavior  of  each  field  were  developed. 

A  simplified  domain  consisting  of  a  single  resistively-shunted  piezoelectric  fiber  in  a 
cylinder  of  polymer  matrix  was  modeled.  The  piezoelectric  fiber  was  shunted  by  coating  the  fiber 
with  a  resistive  material.  Poling  direction  of  the  piezoelectric  fiber  is  along  the  fiber  length.  .A 
schematic  of  the  simplified  domain  is  shown  in  Fig.  4.  It  consists  of  a  single  resistance  shunted 
piezoelectric  fiber  embedded  in  a  polymer  matrix  "tube".  The  matrix  is  assumed  to  be  isotropic  and 
elastic,  and  the  fiber  is  assumed  to  be  transversely  isotropic.  Perfect  bonding  is  assumed  between 
the  fiber,  the  coating,  and  the  matrix.  Equations  governing  the  behavior  of  the  domain  are 
formulated  in  the  following  section, 

2.5.2.  Constitutive  equations 

Treating  the  entire  structural  domain  as  a  piezoelectric  material,  the  constitutive  equations 
for  the  domain  ( from  linear  piezoelectric  theory)  are: 

^ij  “  ^ijkl 

^i  ~  ®ikl  Ski  ^ik 

where  a  is  stress,  S  is  strain  (a  ^'mction  of  u),  E  is  the  electric  field  (a  function  of  0),  and  D  is  the 
electric  displacement.  £  are  the  aielectric  permittivities,  e  are  the  piezoelectric  constants  and  arc 
the  material  elastic  constants  at  constant  electric  field. 
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Figure  4.  Schematic  of  the  Structural  Domain 

2  ■  5  ■  3  ■  Time-dependent  behavior  of  u 

For  a  general  domain  with  zero  body  forces,  momentum  conservation  can  be  expressed  as 

^ij,j  =  Po  Ui 

where  Po  is  the  density  of  the  structure.  Substituting  for  the  stress  o  using  the  constitutive* 
equation  in  the  preceding  equation, 

^ijkl  ^k,li  ®kij  0,  ki  ~  Po 

The  above  equation  is  a  general  3-D  differential  equation  governing  the  behavior  of  u  and 
is  coupled  to  <|>  through  the  piezoelectric  constants.  Simplifying  the  above  equation  to  a  one 
dimensional  case  (along  the  fiber)  and  assuming  the  3  direction  (poling  direction)  along  the  fiber 
direction. 


^33  ®33  =  Po  ^ 

The  material  properties  in  the  above  equation  are  the  overall  domain  properties  and  can  V 
expressed  in  terms  of  the  constituent  properties  by  any  composite  micromechanical  model.  LMnc 
Rule-of-Mixtures  as  a  starting  point,  the  domain  properties  are 
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^33  =  ^33/  +  ^33^  +  C33r 

®33  =  ®33/  ^f 

Po  ^  Pf^f  +  Pm^m  +  Pr^r 

where  v^,  vy  and  vr  are  volume  fractions  of  the  matrix,  fiber,  and  resistive  coating  respectively 
2.5.4.  Time-dependent  behavior  of  <b 

To  understand  charge  and  potential  dynamics,  charge  conservation  and  Ampere's  Law  for  a 
general  electromagnetic  domain  are  examined. 


^  +  v.j  =  0 

^H-dr  =  Jn*bds+  Jn*Jds 

1  5  5 

where  q  is  the  charge  density,  J  is  the  current  flux,  H  is  the  magnetic  field  intensity  and  D  is  the 
electric  displacement.  Integration  over  1  and  s  represent  line  and  surface  integrals  respectively.  For 
a  non-magnetic  piezoelectric  domain,  H  is  zero.  Applying  the  Divergence  theorem  to  both  surface 
integrals  in  Ampere's  Law, 


Jv  bdv  +  jv  jdv  =  0 

V  V 

Differentiating  the  second  constitutive  equation  with  respect  to  time  and  with  respect  to 
spatial  coordinates 


^  '  ^i  ”  (®ikl  ^l,k  "  ^ik  0,  k) 


1 1 


The  current  flux  within  the  domain  is  restricted  to  that  within  the  piezoelectric  fiber  and  the 
resistive  coating.  Assuming  the  fiber  to  be  non-conductive  (or  very  high  resistance  compared  to 
the  resistive  coating),  the  current  flux  J  in  the  domain  is 

where  is  the  electrical  conductivity  of  the  resistive  coating.  Substituting  the  above  equations 
in  the  modified  form  of  Ampere's  Law, 

J[eikl  ^l,k  •  ^ik  Ak]  J"  [^,k]  ^ 

where,  in  the  general  case,  k  =  1,  2, 3.  The  above  equation  is  a  3-D  equation  governing  the  spatial 
and  time-dependent  behavior  of  (|>,  which  is  coupled  to  u  by  the  piezoelectric  constants.  The  one¬ 
dimensional  equivalent  is 

^33  u"  =  f^33  0'  +  <^Cr'^r 

where,  as  defined  previously,  the  material  propenies  are  overall  properties  of  the  domain  and  are 
expressed  in  terms  of  the  constitutive  properties  by  the  Rule-of-Mixtures  as 


©33  =  ©33/ 

^33  =  ^33/ 

2.5.5.  Solution  for  the  one-dimensional  case 

As  formulated  in  the  previous  section,  the  governing  equations  for  the  one-dimensionai 

case  are 
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cfa  u"'  +  633  <f>"  =  Po  ii 

633  U"  =  £33  0'  +  CTc^v^  0" 
Fourier  analysis: 


u(x,t)  = 

0(x.t)  =  <t>e<=“^P’‘> 

Assuming  u(x,t)  and  0(x,t)  are  share  temporal  and  spatial  variation,  with  possible  phase  •shifts. 
p,  U,  and  O  are  complex.  Therefore,  the  second  governing  equation  can  be  expressed  as 


o  = 


(®33/  S  +  ffc^v,) 


Substituting  for  u,  4)  and  O  in  the  first  governing  equation 


PoS^ 


C33  + 


(^33 f  V/)  S 


(£33^  Vy  S  +  a^Vr) 


U  =  0 


The  above  equation  is  of  the  form  {poP  -  K}  U  =  0,  and  the  stiffness  K  is  a  function  of  the 
frequency.  This  dependence  of  the  overall  domain  stiffness  on  the  frequency  is  due  to  the  resistiv  c 

shunting  of  the  piezoelectric  fiber.  If  the  shunt  resistance  is  very  high  (<Tc^  =■  0),  then  there  is  no 

frequency  dependence.  The  magnitude  of  the  change  in  the  overall  stiffness  due  to  the  frequency 
dependence  can  be  very  significant  (a  factor  of  2  in  some  cases). 

For  a  steady  state  harmonic  vibration,  s  =  io).  The  overall  stiffness  can  be  expressed  in  the 
following  form 


13 


cfj  (s) 


Cfj  + 


(633/ V/)  S 


(£33^  VfS  +  Gc^v,) 


- 

-  ^33 


1  + 


(e33y  V/) 


2  f 


^33(^33/  ''/) 


(£33/  ''f)sfac,''r 
1  +  (£33/  ''/)s/‘^c,'’r 


Defining, 


A  = 


(e33y^/) 
^33(^33/  '"z) 


(^33/  V/) 
T  =  - ^ - 


and  substituting  for  s,  we  obtain 


C33  (CO)  =  C33 


1  +  A 


rjicD) 

1  +  r(i(o) 


1  +  (1  +  AXm)^ 

1  +  (COT)^ 


+  iC33 


Ajwr) 

1  +  (mf 


The  frequency  dependent  stiffness  has  a  complex  form  as  shown  above.  The  real  part  of 
the  frequency  dependent  stiffness  is  the  storage  modulus  and  the  imaginary  part  is  the  loss 
modulus.  The  effective  loss  factor  is  determined  from  the  ratio  of  the  (loss  modulus)/(storagc 
modulus)  and  is 
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1  +  (1  +  A)(m)^ 

The  peak  damping  can  be  calculated  to  be 


A 

”  2V(1  +  A) 

2. ^.6.  Example ,gas£ 

Assuming  the  following  material  properties: 

C3^3  =  44  GPa 

e33yr  =  18.8 

£33^  =  5.88  e-9 

Ocr  =  6.2  e-5  Q*lm-1 

v/  =  0. 30,  vr  =  0.02  ( 1  p.m  coating  on  30  |Am  diameter  fiber) 

the  peak  damping  value  (Timax)  obtained  is  0.17  at  O)  =  592  rad/s  =  94  Hz. 

Changing  the  resistive  coating  parameters  will  change  the  maximum  damping  and  the 
corresponding  frequency.  To  use  the  model  as  a  design  tool,  the  peak  damping  and  corresponding 
frequency  can  be  calculated  for  many  different  coating  parameters,  volume  fractions,  etc. 

3.  FURTHER  RESEARCH 

The  realization  of  large  scale  PZT  fiber  nanufacturing  depends  on  the  formation  of  stable 
spinnable  sol  as  well  as  other  processing  issues,  such  as  fiber  handling.  The  concept  of  resistively 
shunted  PZT  for  passive  damping  is  well  established,  and  the  development  of  controlled  resistive 
coatings  will  be  a  useful  tool  for  even  bulk  PZT  applications.  Thus,  the  various  aspects  discussed 
in  this  report  for  PZT  fiber  research  will  be  continued,  focusing  on  sol-gel  chemistry  and  other 
processing  variables. 

The  next  step  in  modeling  is  to  extend  the  one-dimensional  case  to  the  2  and  3-D  cases  ot 
the  simplified  domain  in  Fig.  4  to  examine  the  effect  of  multiaxial  stress  states.  An  additional 
feature  that  will  be  examined  is  a  case  where  the  material  parameters  deviate  from  the  ideal  case  (for 
maximum  damping),  since  it  is  not  always  possible  to  achieve  the  specified  design  parameters 
during  manufacture  of  these  types  of  composites. 
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ABSTRACT 

Hne  scale  lead  ziiconate  dtanate  (PZT)  and  niobium 
substituted  PZT  (Nb-PZT)  piezoelectric  flbers  were 
fabricated  from  sol*gel  ptoces^  viacoos  “sol”  using  the 
“spinning’*  methodology  developed  for  the  continuous 
production  of  glass  fiben.  Subsequent  drying  and  firing  at 
above  750*C  gave  pure  perovddte  PZT  a^  Nb-PZT  fiben 
of  30  pm  in  average  diameter.  Further  densification  and 
grain  growth  were  evident  for  fiben  fired  at  1250*C. 
Experimental  methods  for  the  deienninatioo  of  dielectric 
and  polarization  properties  were  developed  to  overcome 
inherent  electric  field  difficulty  relevant  to  fine  scale  fibers. 
The  dieleciiic  constant  and  polarization  hysteresis  values  of 
the  fiben  were  comparaUe  with  that  of  bulk  ceramics. 
Preliminary  single  filwmechandal  pull  tests  indicated  that 
the  tensile  strength  of  30  pm  diameter  PZT  fiben  were 
similar  to  that  of  bulk  ceramics,  being  in  the  range  of  3S- 
55  MPa. 


1 .  INTRODUCTION _ 

Lead  zirconate  rifanatn  (PZT)  piezoelectric  ceramics' 
ability  to  efficieady  convert  decttkal  energy  to  mechanical 
and  vice  versa  has  made  them  attractive  for  both  actuaton 
and  season  in  active  control  systems.^^)  This  reversible 
transformation  ability  also  makes  piezocenmics  viable 
candidates  for  passive  vibratitm  damping.^^^)  For 
structural  materials  comprised  of  various  fib^  Le.  gh» 
and  carbon,  the  incorpmatian  of  piezoelectric  fiben  is, 

therefore,  mherentlydesited.^^)  _ 

Previously,  the  fabrication  of  PZT  fiben  and/or  rods  has 
been  driven  by  the  need  for  high  performance 
hydrophones^^)  and  ultrasonic  transducen.^^)  In  such 


cases,  PZT  fiber»Jrods  are  fabricated  simply  by  the  dicing 
of  bulk  ceramicsC^,  being  limited  to  simple  geometries  on 
the  order  of  a  few  millirneten  in  length  and  -  100  pm  m 
cross  section.  Extrusion,  the  process  by  which  a 
plasticized  ceramic  mass  is  passed  through  a  die  or  onfke, 
provides  the  ability  to  fabricate  meter  length  fiben  with 
varioos  cross-sectional  geometries;  however,  they  are  again 
limited  to  diameten  of  - 100  pm^*)*  For  fiben  with 
diameten  less  than  100  pm,  non-convendonal  methods 
have  been  employed,  including  the  impregnation  of  host 
fiben  with  a  precursor  soluiiont^)  and  hand  drawing  from 
a  viscous  Single  strand  fiben  fabrKaied 

thus  far  have  been  limited  to  lengths  of  a  few  centuneten. 
being  for  demonstration  purposes  only.  Furthermore,  little 
infatmatioo  regarding  electrical  and  mechanical  properues 
has  yet  to  be  reported. 

It  was  the  objective  of  this  work  to  fabricate  fine-scak 
PZT  fibers  using  a  "spuming”  methodology  developed  for 
the  continuoos  produodon  of  carbon  and/or  glass  fibers.  A 
fiuiber  objective  was  to  determine  the  electrical  and 
mechanical  properties  of  individual  fibers  prepared  above. 


2.  EXPERIMENTAL  PROCEDURE 


Lli _ PZT  flhtr  FihrteitlQn 

The  advanuges  of  sol-gel  processing  in  ihe 
fidmcatioo  of  ferroelectric  thin  films;  Le.,  composiaanal 
control,  low-temperature  densification  and  overall 
simplicity  makes  it  the  ideal  methodology  for  the 
fdmcation  of  fine-scale  fibers.  In  the  sol-gel  process,  a 
noo-aqueous  sohitioo  of  precursors,  generally  alkosides.  is 
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prepared  with  the  metal  cations  in  the  desired 
stoichiometry,  followed  by  controlled  hydrolysis  to  form  a 
“sol”  and,  sub^uently,  dried  into  a  final  gel-like  structure. 

The  fabrication  of  ?ZT  fibers  in  this  work  is  outlined  in 
Figure  1.  As  presented,  two  sources  of  the  lead  c^n.  lead 
(II)  acetate  trihydrate  [Pb(CH3COO)2:3H20]  and  lead 
(II)  pentanedionate  (lead  acetylacetonte) 
[Pb(C3H702)2]'  were  used,  the  first  having  been 
initially  employed^^^l,  and  the  latter  mposed  to  ^ve  a 
more  stable  PZT  precurso’  solution.^^^!  For  convenience, 
samples  produced  using  lead  acetylac^onate  are  designated 
“AcAc  processed”,  and  those  using  lead  acetate  trihydrate 
“Acetate  processed”.  Based  on  the  wt^k  by  Blum  and 
Gurkovich^^'^l  and  later  by  Budd  et  al.(^^).zirconium  n- 
butoxide  [Zr(OBa)4]*  (80%  solution  in  1 -butanol)  and 
titanium  isoproxide  [Ti(OPr04]*  were  used  as  the 
zirconium  and  titanium  sources,  respectively.  For 
niobium  modified  PZT,  niobium  ethoxide. 
[Nb(OC2H5)3]'  was  added  during  the  addition  of  the 
titanium  precursor  stage.  Stoichionaetric  quantities  of  each 
chemical  were  weighed  out  in  accordance  with  the  PZT 
formulations  Pb(Zro.48Tio.  j  2)  O  3  and 
Pbo.988(Tio.48Zro.32)0.976^.02403.  as  reported 
in  Jaffe,  Co^  a^ 

A  solution  of  0.1  ml  of  water  and  5  ml  of  2- 
methoxyethanol  was  added  to  the  various  PZT  precursors 
(0.02  M)  containing  0.1  ml  cone.  HNO3  to  ensure 
condensation  and  hy^lysis  reactions.  The  solution  was 
concentrated  by  stirring  at  ~120*C  and  then  cooled  to 
-40‘C  to  form  a  viscous  resin.  The  spinnability  of  the  sol 
was  empirically  determined  by  dipping  a  glass  rod  into  the 
viscous  medium  and  pulling  op  to  draw  a  fiber.  A 
systematic  rheological  study  is  underway  to  determined  the 
optimum  viscosity  range  for  fiber  drawing. 

The  precursor  solution  was  transferred  to  a  vessel 
consisting  of  a  spinneret  and  a  plunger  as  shown 
schematically  in  Figure  2(a)(^^).  Fibos  were  extruded 
through  the  spinneret  with  twelve  100  pm  Aiametmr  holes 
at  -7  kPa  of  pressure.  The  spun-drawn  fibers  were 
collected  on  a  rotation  drum  with  a  variable  qieed  control, 
as  described  in  Figure  2(b).  Facton  involved  in  cootndling 
the  diameter  of  the  fibm  are:  (Q  viscosity  (tf  the  sol.  i.e. 
control  of  hydrolysis  and  condensation  reaction,  (ii) 
^inneret  diaineiBr,  and  (iii)  speed  of  the  tdoe-np  drum. 

Hbets  with  diammets  ranging  from  10  to  80  pm 
we»  fabricated.  The  fiben  were  dried  at  room  temperas 
for  approximately  12  hoars,  cut  into  lengths  of  >10  cm  and 
fired  at  tempemures  firm  7S0*C  to  1250’C  for  10 
minutes.  A  heating  rate  of  -I'CVinin.  was  used  to  allow 
the  decomposition  of  organics  being  in  the  order  of  10  to 
IS  wt%  after  solvent  evqxxatioa,  which  was  previously 
determined  by  thermogravimetric  a^ysis  (TGA).^^^)  For 
samples  fired  at  temperatures  >1200*C,  a  lead  atmosphere 

*  Aldrich  Chemical  Co.,  Milwaukee,  WI. 
t  Johnson  Matthey  Catalog  Co.,  Ward  Ifill,  MA. 
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Figure  1.  Scheme  for  the  preparation  of 
Pb(Zr,Ti)03  fibers  osing  lead  accutc 
trihydrate  (Acetate  Process)  and  lead 
ace^lacetonate  (AcAc  process)  as  a 
lead  source. 


spinneret  (a),  and  overview  of  the 
apparatus  (b). 
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was  created  to  miniinize  lead  loss.  The  sintering  condidon 
of  7S0*C  for  10  minutes  was  chosen  based  on  a  {nevious 
study(^^)  which  was  high  enough  to  enable  the  formadon 
of  (he  desired  perovskite  structure,  yet  low  enough  to  fire 
in  open  air  without  lead  loss.  This  may  be  an  important 
factor  in  the  future  when  continuous  tiber  spinning  and 
subsequent  firing  are  desired.  Firing  temperatures  at 
1250*C  were  used  to  examine  densificadon  behavior  and 
grain  growth,  being  similar  to  that  used  for  convendonally 
processed  P2T  ceramics. 


2.2. _ Characterization 

Crystallinity  and  phase  analysis  of  the  fibers  as  a 
funcdon  of  thermal  treatment  were  determined  using  x-ray 
diffracdon  (XRO)  analysis*.  The  microstmctuTB,  Le.  grain 
size  and  degrM  of  ptnosity,  and  diameter  of  the  fibers  were 
examined  using  scanning  elecmm  microscopy  (SEM)' • 
Ener^  dispersive  spectroscopy  (EDS)i  was  u^  to  semi- 
quandtatively  determine  ZrTi  and  PbifZr,!!)  ratios. 

The  room  temperature  dielectric  properties  (K  @  10 
KHz)  of  sintered  fiben  were  determined  Crom  capacitance 
measurements  using  a  LX31  meter  and  the  holder  prerented 
in  Figure  3.  An  external  ampUfier/divider  circuit  was 
employed  to  improve  the  sensitivity  of  the  LCR  meter^  by 
a  factor  of  100  by  increasing  the  applied  signal  to  »  ISO 
Vnns-  A  >*°hll  amount  of  air-dry  silver  was  applied  to 
both  ends  of  the  fiber  CO  ensure  dectrical  contact.  Fibers  1 
to2cmand20to30itin  diameter  in  length  were  used. 
Because  of  the  extreme  geometry  of  these  fibers,  thus  the 
very  small  capacitance  of  often  less  than  0.S  fF,  very 
spe^  care  had  to  be  taken  to  control  the  uniformity  of 
the  electric  field  within  the  three  terminal  parallel  plate 
fixture.  Because  the  c^Mtcitance  to  free  space  of  even  a 
short  segment  (under  20  pm)  of  fiber  along  its  length  can 
be  greater  than  the  end-to-end  c^MKitance,  it  is  critic  that 
permittivity,  as  well  as  later  described  hysteresis 
measurements,  be  made  in  an  environment  with  a 
controlled  and,  in  this  case,  uniform  electric  field  to  avoid 
"shorting  out”  the  measurement  signal  through  an 
inadvertent  T-networic  to  ground.  This  is  distinctly 
different  from  bulk  or  thin  film  measurements  but  is  a 
crucial  consideradon  in  fiber  measurements.  Measurements 
were  first  made  with  the  fiber  in  place  then  removed  and  the 
difference  used  as  the  sample’s  capacitance  This  corrected 
for  the  contributimi  to  the  measured  value  from  both  stray 
capacitance  and  direct  (air  gap)  capacitance.  Thediameterof 
the  guard  electrode  (->  5  cm)  was  chosen  to  ensure  a 
uniform  field  in  the  neighborhood  of  the  sample  even  with 


Model  DMC  lOS,  Scintag  tfififractometer,  Sunnyvale,  CA 
'  Model  DS-130,  International  Scientific  Instrumentsjnc., 
Santa  Clara,  CA 

>  EMAX  8000  Series,  Hbriba  Instruments,  Inc.  Irvine,  CA 
^Model  4274  LXIR  meter,  Hewlett  Packard,  Palo  Alto,  CA 


Guarded  Electrode 
^  (Low  Potentioi) 

Guard  Electrooe 

ezzzzza^lle^zanD^ 

■Plostic  Collar 


9mm 


PZT  Fiber 


Unguarded  Electrode 
( High  Potential) 


(b) 

Figure  3.  Fixture  for  fiber  permittivity  aed 
polarization  measurements  (a),  aed 
section  view  of  electrode 
configuration  (b). 

the  fibers  -  2  cm  in  length.  The  size  of  the  acuvc  low 
electrode  in  the  fixture  (03  mm  in  diammer)  was  cakutaead 
so  that  its  contribution  to  the  total  capacitance  would  be  no 
greater  than  that  of  even  the  smallest  diameter  fiber. 

The  ferroelectric  nature  of  the  fiben  was  confinncd 
through  polarization  E-field  measuremems  with  fiben  .miv 
-3  nun  Icxig,  owing  to  voltage  limitation  of  the  power 


20 


YOSHIKAWA  ET  AL 


(a)  (b) 

Figure  4.  Photographs  of  (a)  as  spun,  (b)  fired  PZT  Tiber. 


supply*,  i.e.  10  kV.  A  specially-built  automated  system 
was  used  which  applies  the  excitation  field  and  collects  the 
charge  while  maintaining  a  virtual-ground  state,  similar  to 
a  classical  Sawyer-Tower  measurement,  but  the  charge  is 
collected  by  active  circuitry  rather  than  a  passive  capacuor. 
This  holds  the  low  side  of  the  measurement  circuit  to 
within  a  few  millivolts  of  ground,  which  is  necessary  to 
control  the  shape  of  the  electric  field  for  the  same  reason  as 
in  the  permittivity  measurement.  To  avoid  electrical 
breakdown,  the  entire  fixture  was  immersed  in  a 
fluorocarbon  fluid'''.  Fields  of  >  3  MV/m,  typically  at  a 
frequency  of  10  Hz.  were  used. 

To  contrast  both  the  physical  and  electrical  characteristics 
of  the  fibers,  disks  (-1  cm  in  diameter)  were  prepared  from 
gel-powders  derived  from  the  same  sols  used  to  draw  fibers. 
Upon  pressing  and  binder^  burnout,  the  disks  were 
densified  over  a  temperature  range  from  lOOO'C  to  1400'C 
and  characterized  above.  In  addition  to  dielectric  and 
polarization  hysteresis,  fully  densified  samples  were 
polarized  (poled)  at  120*C  with  an  electric  field  of  125 
kV/cm.  ITie  level  of  poling  was  determined  using  a 
Berlincourt  piezo  d33  meter*.  The  samples  were  allowed 
to  age  -24  hours  prior  to  measurement. 

In  addition  to  chemical  and  electrical  characterization,  the 
mechanical  integrity  of  the  PZT  fibers  was  also 
investigated.  The  tensile  strength  was  determined  for 
selected  fibers  at  the  Nagasaki  University  of  Japan,  using  a 
technique  described  by  Iwanaga  ei  al.^^®)  Specimens  I  to  2 

High  Voltage  Power  Supply.  Model  610A,  Trek 
^  Incorp.,  Medina,  NY 
’  Fluorincrt  FC^O,  3M  Corp.,  St.  Paul,  MN 
s  Polyvinyl  Alcohol  binder  (PVA) 

*  Berlincourt  Piezo  d33  meter.  Channel  Products,  Inc., 

Chagrin  Falls,  OH 


mm  in  length,  diameter  range  between  26  to  It  ...ti.  w  :t~ 
glued  to  carbon  fiber  and  the  direct  tensile  strength 
measured  with  a  load  range  of  1  to  lOg. 

3.  RESULTS  AND  DISCUSSION 

2J.;i - Bgicastiuetural  Analysis 

Opucal  photographs  of  as-spun  and  fired  fibers  a '  ' 

are  shown  in  Figure  4(a)  and  (b),  respecti'.c.s  \ 
representauve  XRD  spectra  of  AcAc  processed  PZT  •'.Stv 
fired  at  750'C  and  1250'C  are  presented  in  Figure  <  -.n 

revealing  the  presence  of  a  well-crystallized  pen^sL.  e 
phase.  Figure  6  presents  SEM  micrographs  of 
processed  PZT.  fired  at  (a)  750’C.  (b)  1250’C,  and  . 

PZT  fired  at  1250'C.  As  presented,  the  diameter  oi  .v 
fibers  were  in  the  range  of  20  to  50  tun.  showing  .:ue 
evidence  of  porosity  on  the  surface  of  the  fiber  ’V 
Acetate  and  Ac  Ac  (not  shown  in  the  figures)  proce-vo 
fibers  fired  at  750'C  were  found  to  possess  simi.ar 
microstructures.  SEM  examination  of  the  cross  secuon  i 
the  fibers  revealed  10  to  20%  fine  porosity  umfcrm.-, 
disunbuted  across  the  fibers,  except  near  the  dense  sur-x  - 
with  grain  sizes  on  the  order  of  0.2  -  0.3  urn.  F  N-rv 
processed  at  1250  C  possessed  dense  microstructures  * 
gram  sizes  in  the  range  of  2  to  8  tun.  A  small  amvxuii  i 
closed  porosity  (-  0.3  tun  in  diameter),  both  m  grams 
at  grain  boundaries,  was  evident  in  the  cross  sec;.. 
view  of  the  fiber  after  the  pull  test,  as  shown  m  Fig-j?  ’ 
The  fracture  surface  was  intergranular.  The  fibers  wiui 
PZT  (Ac.Ac  processed)  composition  fired  at  1250*C  •'j 

uniform  and  finer  grain  size,  1  to  3  ttm,  and  little  piir  a.: 
The  smaller  grain  size  is  due  to  the  niobium  subst;i„:.. 
which  tends  to  inhibit  grain  growth  of  PZT  in  adc.;,.  n 
many  other  characteristics  governed  by  this  “ A-sue  .  x  j- 
addiuve".  Acetate  processed  Nb-PZT  fiber  could  v  ■  , 
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drawn  successfully,  due  to  the  rapid  increase  in  “sol” 
viscosity.  Differences  between  the  two  lead  sources  were 
inconclusive  in  this  study,  though  use  of  lead 
acetylacetonate  reduced  reflux  tune  drasdcaUy. 


1l2.,i _ Compoaltlonal  Analvele 

EDS  analysis  of  PZT  fibers  (both  Acetate  and  AcAc 
processed)  indicated  that  the  ZrTi  ratio  was  rich  in  Zr 
being  shifted  to  approximately  SS:4S  as  confirmed  by  the 
lack  of  tetragonal  splitting  ((002)  and  (200))  in  the  XRD 
patterns  (Figure  S).  This  trend  was  confirmed  by  dielectric 
measurements  of  the  fired  pellets  prepared  from  the  same 
solution.  The  dielectric  constant  (K)  dramatically  decreased 
upon  poling  (-48%)  reflecting  a  PCT  composition  well  on 
the  rhombohedral  side  of  the  morphotropic  phase  boundary 
(MPB).(^^l  The  reason  for  this  compositional  shift  is 
currently  being  investigated. 


UL _ Electrical  Prooertlea 

The  dielectric  constant  values  of  the  various  fibers 
processed  are  summarized  in  Table  I.  Due  to  the  small 
input  signals,  dielectric  loss  of  the  PZT  fibers  was  not 
measured.  Both  Acetate  and  AcAc  processed  PZT  fibers 
showed  comparable  dielectric  values  to  that  of  the  bulk 
ceramics  disk  samples  made  from  the  same  solution.  The 
dielectric  constant  of  the  samples  fired  at  750’C  were 
lower,  which  was  probably  due  to  the  combination  of 
porosity  and  smaller  grain  size.  Piezoelectric  d33 
coefficients  of  the  PZT-poled  ceramic  disk  samples  were 
found  to  be  >150  pC/N,  which  is  lower  than  reported  value 
(-223  This  was  believed  to  be  due  to  the  MPB 

compositional  shifting  of  Zr:Ti.  Poled  ceramic  disks  of 
Nb-PZT  exhibited  d33  of  -350  pC/N  close  to  the  reported 
value  (374  pC/N)^^^^  Dielectric  and  piezoelectric 
properties  of  the  buUt  (disk)  samples  were  necessary  to 
determine  the  quality  of  precurson  and  to  provide  expected 
values  for  the  fibers  fabricated  firom  the  same  “sol”. 


Representative  room  temperature  hysteresis  polanzauon 
E-field  behavior  for  AcAc  processed  Nb-PZT  fired  at 
1250*C  is  shown  in  Figure  8(a)  along  with  the  polanzauon 
measurements  performed  on  bulk  (disk)  samples  (  Figure 
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Figure  5.  XRD  pattern  for  the 
fibrousP^T  heat-treated  at 
750*C  for  10  min.  and  at 
1250*C  for  10  min. 


Table  I.  DIalactrie  Constant  of  Sol-Goi  Dorivod  PZT  and  Nb-PZT  Fibers*) 


Ceramic 

Pb  Precursor 

Heat  Treatment 
Tcmp.[*C]/rime  [min.] 

Dielectric  Constant 
(%  error) 

PZT 

Acetate 

75(yi0 

670  (15) 

«t 

<4 

1250/10 

870  (10) 

it 

AcAc 

750/10 

500  (15) 

it 

44 

1250/10 

700  (10) 

Nb-PZT 

AcAc 

750/10 

1250(15) 

it 

44 

1250/10 

1100(15) 

a)  Fiber  :  Average  diameter  of  30  pm. 
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Figure  6.  SEM  micrograph  of: 

(a)  Acetate  processed  PZT  fired  at  TSO’C  for  10  min. 

(b)  Acetate  processed  PZT  fired  at  12S0‘C  for  10  min. 


Figure  6.  SEM  micrograph  of:  (c)  AcAc  Figure  7.  SEM  micrograph  of  fracture  surface  of 

processed  Nb-PZT  fired  at  1250*C  PZT  fiber  (fired  at  1250*C  for  10  mia  < 

for  10  min.  after  tensile  test. 


8(b))  as  a  comparison.  Only  Nb-PZT  fiber  data  is 
presented  due  to  the  high  coercive  fields  of  unmodified 
PZT.  The  ferroelectric  nature  of  a  single  piezoelectric  fiber 
has  not  been  reported  before.  The  polarization  hysteresis 
provides  direct  evidence  that  these  fibers  can  be  polarized  to 
induce  the  desired  piezoelectric  properties.  Comparison 
with  the  disk  sample  revealed  that  the  level  of  remanent 
polarization  of  the  fibers  (Pr  =  37  p.C/cm^)  was  similar  to 
the  bulk  sample  and  coercive  field  was  somewhat  higher 
(Er  =  19  kV/cm). 


3.4.  Mechanical  Pranartles 

Preliminary  data  for  the  tensile  strength  of  PZT  t 
fired  at  750’C  and  1250*C  determined  using  the  pu.!  esi 
were  36  MPa  and  40  MPa,  respectively.  Tensile  stren<m% 
of  -55  MPa  were  found  for  Nb-PCT  fibers.  This  nuvr 
value  may  be  attributed  to  its  smaller  and  more  um:  vm 
grain  size.  Finer  diameter  fibers  tended  to  give  arc-r 
tensile  strength  values,  though  more  data  with  di;frr--i 
diameter  samples  is  required  to  confirm  this.  T-  . 
strength  values  for  bulk  PZT  ceramics  reported  n  v 
literature  is  jn  the  order  of  -76  MPa(^^\  with  i 


:} 


YOSHIKAWA  ET  At 


Figure  8.  Polarization  hysteresis  of  (a)  Nb^PZT  Hber  (diameter  30  Mm). 

(b)  Nb'PZT  peilet  prepared  from  the  same  sol  as  the  fiber  was  spun. 


niptttie  usiag  3-point  flexure  in  the  range  of  10  to  40 
MPa(^).  Therefore,  the  fiber  tensile  stren^  found  for  the 
fibers  in  this  work  is  similar  to  that  the  bulk  ceramic. 
This  range,  however,  is  an  order  of  magnitude  less  than 
comparable  glass  fibm  (700  MPa)  and  substantially  less 
than  that  for  AI2O3  fibers  (1500  MPa)  leponed  in  die 
literatnre^^).  Incorporation  of  PZT  fibers  into  a  structural 
matrix,  therefore,  cannot  be  a  simple  substitution  with 
structural  fibers,  and  hence  careful  handling  and  design 
mustbectmsidered. 


4.  CONCLUSIONS 

Amorphous  PZT  and  Nb-PZT  fiben  with  average 
diameten  of  30  m°>  i>ave  been  successfully  qiin-drawn 
from  sol-gel  processed  PZT  precursor  sol  using  a 
continuous  batch  ginning  ^ipatatus.  Two  different  lead 
sources,  lead  acetate  ttihydrate  and  lead  acetylacetonate, 
were  examined.  All  of  the  fiben  showed  pure  crystalline 
perovsldte  structure  after  heat  treatment  at  7S0*C,  and 
further  densification  and  grain  growth  were  evident  after 
12S0'C  firing. 

Sin^  fiber  dielectric  constant  and  pdarizatioo  hysteresis 
measurements  were  successfully  performed  using  a 
specially  built  fixture.  Dielectric  constant  values  of  the 
fiben  fi^  at  750*C  were  lower  than  diat  of  fiben  fired  at 
12S0*C  due  to  porosity  and  reduced  grain  size.  The 
dielectric  constant  of  fibm  fired  at  1250*C  was  comparable 
with  that  of  bulk  ceramic  values.  Polarization  E-field 
measurements  of  Nb-PZT  fiben  indicated  that  the  level  of 
remanent  polarization  (37  p-C/cm^)  was  similar  to  that  of 


bulk  samples  with  the  coercive  field  (19  kV/cm)  being 
slightly  higher. 

Preliminary  data  for  the  tensile  strength  of  PZT  fiben 
revealed  values  similar  to  that  of  bulk  PZT,  though  Nb- 
PCT  fiber  values  were  higher  than  that  of  pure  PZT  fiben. 
probably  doe  to  its  denser  microstrucoire  and  smaller, 
uniform  grain  size. 
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Passively  Damped  Structural  Composite 
Materials  Using  Resistiveiy  Shunted 
Piezoceramic  Fibers 

G.A.  L9Sl9utn,  S.Yaritigadda,  S.  Yoshikawa,  S.K.  Kurtz,  andQ.C.  Xu 

The  development  of  damped  structural  materials  is  an  area  of  current  research  with  potential  for  high 
rewards.  Resistiveiy  shunted  piezoceramic  fibers  used  as  reiaforcemeat  ia  a  structural  composite  mate¬ 
rial  offer  the  potential  to  significantly  increase  vibration  damping  capability.  Available  data  indicate  the 
predictable  nature  of  this  electroelastic  damping  mechanism,  an  important  concern  in  design.  This  arti¬ 
cle  addresses  the  current  status  of  an  effort  to  develop  damped  composites  using  resistiveiy  shunted  pie¬ 
zoceramic  fibers,  including  modeling  aspects,  performance  limits,  design  guidelines,  and  fabrication 
issues.  Initial  design  guidelines  take  the  form  of  a  modified  modal  strain  energy  method.  With  longitudi- 
oally  poled  fibers,  peak  damping  loss  factors  of  12%  arc  attainable  in  principle,  even  at  relatively  low 
(30%)  piezoceramic  fiber  volume  fractions.  Some  30-(im  diameter  piezoelectric  fibers  have  been  pro¬ 
duced  using  a  sol-gel  method,  and  details  of  poling  and  shunting  arc  under  investigation. 


Keywords 

composite  materials,  passive  damping,  piezoelectric  ceramic  fibers 


1.  Introduction 

THE  use  of  piezoelectric  materials  with  resistive  shunting  cir¬ 
cuits  to  achieve  passive  vibration  energy  dissipation  and  reso¬ 
nant  response  reduction  has  been  demonstrated  by  several 
researchers.!*"*!  Resistiveiy  shunted  piezoceramics  appear  to 
offer  several  advantages  over  more  conventional  approaches  to 
passive  damping,  including  high  stifihess  and  damping  (loss 
modulus)  for  a  potential  composite  constituent  and  tailorable 
frequency  dependence.  A  disadvantage  includes  the  relatively 
high  density  of  typical  lead-base  piezoceramics. 

Because  of  high  electroelastic  coupling,  the  deformation  of 
piezoelectric  materials  produces  internal  pountial  gradients. 
By  placing  electrodes  on  the  material  and  shunting  them 
through  some  finite  resistance,  current  is  allowed  to  flow,  dissi¬ 
pating  energy  through  joule  heating. 

When  the  dimensions  of  piezoelectric  elements  used  for 
passive  damping  are  comparable  in  magnitude  to  characteristic 
vibration  lengths,  element  placement  significantly  affects 
achievable  levels  of  structural  damping.  However,  if  the  ele¬ 
ments  coulc  be  reduced  in  size  and  proliferated  throughout  a 
structure,  posr-b'y  as  reinforcement  in  a  structural  composite 
material,  significant  damping  could  be  achieved  with  less  sen¬ 
sitivity  to  placement. 

This  observation  provided  the  motivation  for  the  subject 
work,  which  addresses  the  development  of  resistiveiy  shunted 
piezoelectric  ceramic  fibers  as  a  means  to  increase  the  vibration 
damping  properties  of  structural  composite  materials  to  signifi¬ 
cant  levels.  Figure  1  shows  a  concept  for  such  a  fiber. 

Key  challenges  identified  at  the  outset  of  this  effort  were  as¬ 
sociated  with  fabrication  and  modeling.  Fabrication  issues  in- 
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eluded  fiber  production,  poling,  and  electroding;  provision  ot 
an  integral,  tailorable  resistive  path;  and  integration  into  a  com¬ 
posite  material.  Modeling  issues  included  estimation  of  achiev  - 
able  damping  levels,  shaping  of  frequency -dependent 
damping,  and  effects  of  complex  stress  states  and  shunting  net¬ 
work  topology.  This  article  focuses  on  the  modeling  issues. 

One  of  the  primary  goals  of  the  modeling  effort  was  an  as¬ 
sessment  of  achievable  damping  performance.  If  initial  esti¬ 
mates,  based  on  simplified  models,  were  to  indicate  that  the 
levels  of  damping  possible  were  not  of  engineering  signifi 
cance,  there  would  be  little  motivation  to  proceed  If.  on  the 
other  hand,  further  investigation  was  warranted,  more  deuiled 
models  would  be  needed  to  design  composite  matenals  for  spe 
cific  applications,  as  well  as  to  guide  continuing  matenals  ue 
velopment. 

The  initial  modeling  effort  concentrated  on  the  developmeni 
of  simple  models  that  could  be  used  to  establish  possible  per 
formance  levels.  This  was  done  using  a  two-step  process  I  he 
first  was  to  determine  effective  loss  factors  for  the  piezoelectnc 
fiber;  the  second  was  to  use  those  loss  factors  in  the  esiimaiitm 
of  modal  damping  for  flexure  of  a  composite  panel.  The  fol  low 
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ing  subsections  discuss  each  of  these  steps  in  turn,  as  well  as 
limiutions  of  the  models  and  future  efforts. 


2.  Damping  Perfonnance  Analysis: 
Effective  Fiber  Loss  Factor 

To  a  first  approximation,  the  peak  damping  of  a  shunted  pie¬ 
zoelectric  fiber  may  be  estimated  by  assuming  that  individual 
fibers  in  a  composite  experience  a  simple  state  of  stress,  namely 
pure  longitudinal  tension  or  compression,  and  that  the  stress  is 
approximately  uniform  between  two  electrodes  on  the  fiber.  In 
this  situation,  the  maximum  damping  achievable  in  the  fiber 
alone  may  be  u-eated  as  a  material  property — an  effective  lon¬ 
gitudinal  loss  factor. 

The  damping  of  a  composite  material  undergoing  harmonic 
deformation  may  then  be  estimated  as  the  sum  of  the  damping 
in  the  constituent  materials  weighted  by  the  relative  contribu¬ 
tion  of  each  to  total  strain  energy.  Because  the  fiber  modulus  is 
typically  much  greater  than  that  of  the  matrix  material,  most  of 
the  strain  energy  of  deformation  (often  80  to  95%)  is  found  in 
the  fiber.  This  is  one  of  the  primary  motivations  for  seeking 
ways  to  increase  the  damping  of  reinforcing  fibers. 

As  discussed  in  Ref  4,  interpretation  of  the  operative  physi¬ 
cal  dissipation  mechanism  as  an  anelastic  relaxation  permits 
the  use  of  classical  relations  for  analysis  (such  as  those  dis¬ 
cussed  in  Ref  5)  and  the  extension  of  established  tools  for  de¬ 
sign  purposes.  In  this  approach,  the  difference  between  the 
low-frequency  modulus  (£p  relaxed,  short  circuit)  and  the 
high-frequency  modulus  (£^  utuviaxed,  open  circuit)  is 
closely  related  to  the  peak  material  damping  (q,  loss  factor)  as¬ 
sociated  with  that  modulus.  Equations  la  and  lb  express  both 
in  terms  of  the  relaxation  strength,  A: 

£„  =  £^1+A)  (lal 


D  =  eS  ^  e^E  - ; 

Note  that  the  equations  are  expressed  in  compressed  matrix 
form  (as  opposed  to  tensor  form).  For  poled  piezoceramic  ma¬ 
terials.  the  “3”  direction  is  taken  by  convention  to  be  the  direc 
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tion  of  poling. 

The  material  properties  for  PZT-5A.I^1  of  particular  interest 
for  this  project,  are  (SI  units): 

The  open  circuit  moduli,  cP,  may  be  found  by  taking  D  ■  0 

<P  =  [4 1 

Similarly,  the  short  circuit  modulus  may  be  found  by  uking 
£3  s  0.  Note  that,  in  practice,  only  the  component  of  the  electric 
field  in  the  direction  between  the  electrodes  is  zero. 

if  the  case  of  longitudinal  fiber  poling  is  considered,  and  the 
only  non-zero  stress  is  Tj  (in  the  direction  of  poling,  or  along 
the  fiber  axis),  then  the  corresponding  moduli  are  found  to  be 


^  (relaxed,  £3  short  circuit)  £r=  5.38  x  IO'°Pa 

2(1  +  A)'^  (unrelaxed,  £3  open  circuit)  £„  =  10.41  x  10*®  Pa 


Note  that  the  relaxation  strength  is  closely  related  to  the  elec¬ 
tromechanical  coupling  coefficient,  k,  as  shown  in  Eq  2. 


A  = 


(1  -*2) 


[21 


The  corresponding  relaxation  strength  and  loss  factor  for  the 
longitudinal  modulus  are  then: 

(relaxation  strength)  A  =  0.935 
(longitudinal  loss  factor)  =  0.336 


The  electroelastic  relaxation  strength  corresponding  to  the 
longitudinal  modulus  may  be  found  from  consideration  of  the 
material  constitutive  equations,  specialized  to  the  case  of  a  sin¬ 
gle  non-zero  (longitudinal)  stress.  The  constitutive  equations 
for  a  linear  piezoelectric  material  relate  the  stress,  T,  and  the 
electric  displacement,  D,  to  the  strain,  5.  and  the  electric  field. 
£,  through  several  material  properties.  These  properties  in¬ 
clude  the  elastic  moduli,  c^,  the  piezoelectric  constants,  e,  and 
the  dielectric  matrix,  ef  Equation  3  shows  the  general  form  of 
the  constitutive  equations: 

T=c^S-e‘E 


Note  that  this  approach  yields  a  coupling  coefficient,  ifn- 
0  695.  in  agreement  with  the  published  value  of  0.70.1** 

A  similar  approach  (£3  shorted)  may  be  used  to  address  the 
case  of  radial  poling  and  longitudinal  deformation  or.  equiva¬ 
lently,  longitudinal  poling  and  transverse  deformation,  to  >  lelo 
a  value  for  the  transverse  loss  factor: 

( transverse  loss  factor)  q  7-  =  0.08 1 

Note  that  these  values  for  q^^  and  qj-are  ideal,  peak  loss  factorx 
attainable  in  practice  over  a  limited  frequency  range.  In  com 
posite  design,  other  factors  affecting  the  frequency -dependent 
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Cvior  must  also  be  addressed.  These  factors  include  resis- 
shuming,  nonuniform  strain  over  finite  fiber  segment 
If  gth«  and  shunting  network  topology.  The  following  subsec- 
briefly  address  the  general  effects  of  each  of  these  factors. 


an  intrinsic  property  of  the  matenal.  but  an  exinnsic  one.  ue- 
pending  on  structural  length  scales. 

2.3  Shunting  Network  Topology 


2.1  Resistive  Shunting 

The  dynamics  of  the  electrical  RC  shunting  network  result 
to  frequency-dependent  behavior.  However,  the  value  of  the 
•hunt  resistance(s)  may  be  specified  by  a  designer  to  tailor  or 
‘tune”  the  frequency  dependence  of  damping  to  the  applica¬ 
tion.  Using  the  complex  modulus  representation  of  matenal 
properties  (£  =  £*+  JET),  and  assuming  j  multiple  discrete 
electroelastic  relaxations,  the  frequency  dependence  of  the  pie- 
zoceiamic  storage  modulus,  F,  the  loss  modulus,  E",  and  the 
loss  factor,  n.  are  given  by-.l**' 


r((0)  =  £, 


I 

I  relsxation] 


'  1  +  (tOTj.r 


f5a| 


As  noted  in  the  preceding,  the  dynamics  of  the  elecuncal 
shunting  circuit  results  in  frequency -dependent  behas  lor  .A  cir- 
cuit  comprising  a  piezoelectric  fiber  (electncally  a  capaciiori 
and  a  shunt  resistor  exhibits  characteristic  exponential  relaxa¬ 
tion.  The  time  constant  of  this  RC  circuit  relaxation  can  be 
tuned  to  produce  pieak  damping  at  a  frequency  of  interest 
through  the  suitable  selection  of  the  shunt  resistance 

For  single-segment  (monolithic)  piezoelecinc  elements, 
this  selection  is  fairly  straightforward.  For  more  complex  cir¬ 
cuits  with  multiple  segments  experiencing  nonuniform  strain, 
deformation  of  adjacent  segments  affects  the  electrical  impe¬ 
dance  “observed”  at  the  terminals  of  a  given  segment  This  fac¬ 
tor  should  also  be  considered  in  design.  Again,  ensuring  that 
fiber  segment  lengths  are  considerably  shorter  than  the  smallest 
wavelength  of  interest  should  minimize  this  effect. 


=  £, 
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(for  a  single  relaxation) 
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where  Tgj  is  the  characteristic  relaxation  time  at  constant 
strain,  and  t  is  the  relaxation  time  (for  a  single  relaxation): 

t  =  Tj(! (5d) 


and  is  given  by,  for  a  single  piezo  segment: 

x,,  =  R,Cf  (5el 


3.  Performance  Analysis:  Fiber 
Effectiveness  in  Composite  Damping 

The  objectives  of  this  part  of  the  effort  were  ( 1 )  to  develop  a 
theoretical  model  for  prediction  of  the  modal  damping  of  poK  - 
mer/matrix  composite  plates  with  added  resistively  shunted 
piezoelectric  fibers  and  (2)  to  use  this  model  to  assess  the  po¬ 
tential  effectiveness  of  such  fibers  in  damping  plate  vibrations 
Previous  study  of  the  flexure  of  composite  panels  has  shown 
that,  in  general,  the  reinforcing  fiber  (whatever  the  matenai  > 
plays  a  significant  role  in  damping  “fiber-dominated"  benOmg 
modes,  but  is  less  effective  in  damping  “matrix-dommairO ' 
twisting  modes. 1^1 

A  two-part  approach  was  followed  in  modeling  composiie 
plate  damping.  The  first  part  involved  micromechanical  mooe  i 
ing  to  predict  the  stiffness  and  damping  properties  of  a  single 
composite  lamina  from  fiber  and  matrix  properties.  The  sevono 
part  involved  analytical  dynamic  modal  analysis  of  a  midplane 
symmetric  laminated  composite  plate. 


where  £,  is  the  shunting  resistance,  and  Cf  is  the  capacitance  at 
constant  strain  (between  the  two  electrodes  on  the  single  seg¬ 
ment). 

2.2  Nonuniform  Strain  in  Fiber  Segments 

If  the  strain  within  a  fiber  segment  between  adjacent  elec¬ 
trodes  changes  sign  within  the  segment,  the  effective  loss  factor 
approach  to  estimating  damping  is  inappropriate.  For  example, 
consider  the  case  of  a  sinusoidal  strain  distribution.  If  the  wave¬ 
length  is  on  the  order  of  the  segment  length,  no  voltage  appears 
across  the  electrodes,  and  as  a  result,  no  damping  can  occur. 
However,  the  effective  loss  factor  approach  would  predict 
some  damping  based  on  the  non-zero  strain  energy  stored  in  the 
segment.  In  practice  then,  the  fiber  segment  lengths  must  be 
considerably  shorter  than  the  smallest  wavelength  of  vibration 
to  be  damped.  Note  that  this  effect  is  a  result  of  the  fact  that, 
with  external  resistive  shunting,  piezoelectric  damping  is  not 


3.1  Lamina  Modeling 

Several  micromechanical  models  for  calculating  Umma 
elastic  properties  fiom  constituent  properties  for  rwo-ptuw 
composites  arc  available  in  the  literature.  However,  ir.  hiv 
work  the  composite  comprises  three  phases:  reinforcing  g:jvv 
fibers,  epoxy  matrix,  and  resistively  shunted  piezoelecin*. 
bers. 

The  three-phase  composite  of  interest  was  treated  as  a  ■ 
phase  material  by  considering  the  reinforcing  fibers  arul  main  \ 
as  an  effective  matrix  phase  and  the  piezoelectric  fiber  as  tfw  -r 
inforcing  phase.  Properties  of  the  effective  matnx  maic'-ji 
were  then  calculated  using  micromechanical  models  taoO  .  r 
isotropic  fibers  in  an  isotropic  matrix.  Because  of  its  two  pf-aw 
nature,  the  resulting  effective  matrix  is  transversely  isoir.Tw 

The  piezoelectric  fibers  also  were  treated  as  iranssr*A<  > 
isotropic,  requiring  the  use  of  a  micromechanical  model  nai  ' 
valid  for  transversely  isotropic  fibers  and  matrix  lo  -w 
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Table  1  Consdtueot  material  properties 


3M  S2-ttaii  flber  Hercutes 3501-6  epoxy 


Young's  modulus.  E,  GPa . 

86 

4.0 

Shear  modulus,  C.  GPa . 

35 

1.45 

Poisson's  ratio,  v . 

0.22 

0.38 

Young's  loss  factor,  rif . 

0 

0.03 

Shear  loss  tactor,  T|(; . 

0 

0.033 

Table  2  Composite  plate  conflguration 


Layup .  Unidirectional 

Geometry .  10  cm  square,  2-mm  thick  (4-piy) 

Boundaries .  Cantilevered  (CFFF)  with  fiber  direction 

normal  to  clamped  side 


lamina  properties.  One  suggested  scheme^^l  was  used  to  trans¬ 
form  a  micromechankal  model  for  transversely  isotropic  fibers 
and  an  isotropic  matrixl^l  for  use  with  transversely  isotropic  fi¬ 
bers  and  matrix. 

The  lamina  elastic  models  described  in  the  preceding  were 
extended  to  include  damping  by  representing  material  damping 
properties  in  terms  of  complex  moduli.  For  harmonic  forced  vi¬ 
bration  of  a  viscoelastic  material,  effective  dynamic  moduli  can 
be  determined  from  expressions  for  elastic  moduli  by  allowing 
the  elastic  moduli  to  be  complex.(*'’lThe  real  pan  of  a  complex 
modulus  is  a  measure  of  the  stiffness  of  a  material,  whereas  the 
complex  pan  is  a  measure  of  damping. 

3.1.1  Material  Propcrtlea 

Table  1  summarizes  the  propenies  used  for  the  constituent 
materials  in  subsequent  analysis.^*''*^!  Piezoelectric  fiber 
damping  was  characterized  by  the  (maximum)  effective  loss 
factors  described  in  the  preceding  section.  Note  that  the  glass 
fiber  has  been  assumed  to  be  lossless,  whereas  the  epoxy  matrix 
exhibits  substantial  damping. 

3.2  Plate  Modal  Analysis 

The  modal  frequencies  and  damping  of  the  composite  plate 
were  determined  from  lamina  stiffness  and  damping  propenies. 
laminate  stacking  sequence  and  ply  orientation,  and  plate  ge¬ 
ometry  and  boundary  conditions.  The  approach  used  in  this 
work  is  similar  to  that  described  in  Ref  7,  which  contains  addi¬ 
tional  references  to  other  peninent  work.  The  following  para¬ 
graphs  provide  an  overview  of  the  approach. 

A  higher  order  plate  theory  was  used  to  include  shear  defor¬ 
mation  and  rotary  inenia  effects:  appropriate  terms  appear  m 
the  expressions  for  plate  strain  and  kinetic  energy. 

The  Rayleigh-Ritz  method  was  used  to  model  the  dynamic 
behavior  of  the  plate  under  various  boundary  conditions.  The 
assumed  plate  mode  shapes  for  both  transverse  displacements 
and  shear  deformation  were  combinations  of  simple  beam 
mode  shapes  that  were  appropriate  to  the  boundary  conditions. 
Use  of  these  shapes  with  the  strain  and  kinetic  energy  expres¬ 
sions  and  subsequent  minimization  yielded  a  complex  matnx 
eigenvalue  problem.  The  eigenvalues  and  eigenvectors  were 
calculated  using  a  standard  complex  eigenvalue  extraction  rou¬ 
tine. 


The  resulting  complex  eigenvalues  had  the  form 

A.  =  -1^(1)  ±  /li)V  1  -  S'  ^ ! 

from  which  the  damped  modal  vibration  frequency,  ojv  i  :  ■ 
and  modal  damping  ratio,  1^,  were  readily  determined  Note  ihai 
in  the  simplest  case  of  a  structure  made  from  a  single  ligMilv 
damped  material,  the  modal  damping  ratio  is  approximaieU 
half  the  material  loss  factor,  q,  at  the  corresponding  frequenc  v 
An  effective  modal  loss  factor  may  thus  be  defined  as  twice  ihe 
modal  damping  ratio. 

3.2.1  Plate  Configuration 

Table  2  and  Fig.  2  illustrate  the  baseline  layup,  geometn 
and  boundary  conditions  considered  in  this  analysis 

3.3  Results 

The  dependence  of  plate  modal  damping  on  piezoelev  ir-v  • 
ber  volume  fraction  was  of  particular  interest  in  this  studv  i 
itially,  the  only  piezoelectric  damping  of  interest  was  that  Jue 
to  longitudinal  stress,  with  a  corresponding  loss  factor  m  '  * 
(longitudinal  poling).  Although  it  might  seem  straighttorwxrq 
to  evaluate  the  damping  of  such  composite  materials  assuming 
that  the  only  non-zero  damping  loss  factor  is  associated  *  m 
longitudinal  stress,  such  an  approach  would  be  incorrect  • 
result  of  such  an  assumption  is  a  negative  loss  factor  assoc  lairu 
with  some  material  deformation,  which  is  not  physically  piw». 
ble.  This  analysis  used  a  non-zero  loss  factor  associated  * 
transverse  deformation  and  assumed  that  it  acted  in  addltl<x^  • 
the  longitudinal  loss  factor.  For  longitudinal  fiber  segment 
ing.  the  minimum  value  required  was  O.OS.  whereas  i)ui  dete- 
mined  from  the  material  constitutive  equations  iwnr 
vhorted)  was  0.08. 

This  approach  to  combining  damping  associated  w  ith  !•<«'« 
ludinal  and  transverse  deformation  yields  an  upper  bounc 
the  damping.  Note  that  in  practice,  because  each  fiber 
has  only  a  single  pair  of  electrodes,  transverse  defor-j 
may  increase  or  decrease  the  potential  difference 
ihem.  depending  on  the  sign  of  the  transverse  sinrN% 
would  change  the  apparent  damping,  increasing  or  decrr4c.''x 
It  according  to  the  relative  signs  of  the  stresses.  In  gener*. 
inclusion  of  transverse  damping  changed  the  results  h%  > 
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Tables  Aulysto  cases  for  loagididiaal  fiber  damping 


2000 


Case  Number 


VolanwfractiM 

Cast  No. _ Pfamabsr  Glaisflbor  Epeiyautrii 

0 .  0  0.6  0,4 

1  .  O.l  0.5  0.4 

2  .  0.2  0.4  0.4 

3  .  0.3  0.3  0.4 


Table  4  Elastic  properties  ofO  and  30%  piezo  lamina 


CtsoO  CaM3 


Longitudinal  modulus,  E^,  GPa . 

53.2 

43.4 

Transverse  modulus.  £r-  Gf* . 

13.5 

13.7 

Shear  modulus.  G^r,  GPa . 

5.0 

5.2 

Transverse  shear  modulus,  C77. . 

4,5 

4.6 

Poisson's  ratio,  v^t-. . 

0.28 

0.33 

Density,  p,  kg/m’ . 

2006 

3581 

Table  5  Modal  loss  factors  for  0%  and  30%  piezo  lamina 


Mode _  CaseO _ _ lacreaie.% 

1  .  0.0018  0.1230  6730% 

2  .  0,0167  0.0684  310% 

3  .  0.0240  0.0354  48% 

4  .  0.0021  0.I2I0  5660% 

5  .  0.0078  0.0977  1150% 

6  .  0.0250  0.0624  150% 


to  3%.  A  more  detailed  analysis  of  the  effects  of  complex  stress 
states  would  likely  require  a  numerical  coupled  field  approach, 
perhaps  like  that  described  in  Ref  1 4. 

In  all  of  the  cases  considered,  the  epoxy  matrix  volume  frac¬ 
tion  was  assumed  to  be  fixed  at  0.40,  whereas  the  remaining 
0.60  was  divided  between  glass  fiber  and  resistively  shunted 
piezoelectric  fiber.  A  reasonable  upper  limit  on  piezoceramic 
volume  fraction  was  taken  as  0.30.  Table  3  summarizes  the  in¬ 
itial  analysis  cases  considered. 

Table  4  summarizes  the  calculated  elastic  properties  for 
cases  0  and  3  (0  and  30%  piezo,  respectively).  Note  that  the  ad¬ 
dition  of  30%  piezoceramic  fiber  decreases  the  plate  longitudi¬ 
nal  (short  circuit)  stiffness  by  1 8%  and  increases  the  density  by 
79%.  Clearly,  large  increases  in  damping  are  needed  to  justify 
the  use  of  piezoceramic  fibers  in  a  glass/epoxy  composite 
structure. 

Figures  3  and  4  show  the  dependence  of  composite  plate  vi¬ 
bration  frequencies  and  damping  on  piezoelectric  fiber  volume 
fraction.  Note  that  the  modal  frequencies  generally  decrease 
with  the  addition  of  piezoceramic  fiber  and  that  the  modal  loss 
factors  increase  dramatically. 

The  frequencies  decrease  because  the  density  increases  and 
the  stiffness  decreases.  With  the  addition  of  30%  piezoceramic 
fiber,  the  largest  frequency  change  is  31%,  whereas  the  small¬ 
est  is  25%.  By  sensitivity,  the  modes  are  ordered  1, 4,  5,  2. 6. 
and  3.  Mode  1  is  a  fiber-dominated  bending  mode,  whereas 
mode  3  is  a  matrix-dominated  twisting  mode.  The  behavior  of 
the  other  modes  is  between  these  extremes. 


■  0 

^  1500  -  '  -  1 


1  2  3  4  5  6 

Mode  number 


Fit.3  Modal  vibration  frequencies  versus  mode  number  and 
piezo  volume  fraction  case. 


0.14  - 


1  2  3  4  5  6 

Mode  number 


Fig.  4  Modal  loss  factors  versus  mode  number  and  piezo  « •« 
ume  fraction  case. 

Table  5  summarizes  the  effective  modal  loss  factors 
cases  0  and  3  (0  and  30%  piezo,  respectively),  along  »*iih 
percentage  changes  in  damping.  With  the  addition  of  30* .  p<« 
zoceramic  fiber,  mode  I  damping  increases  by  a  factor  n*  '  ’  •' 
a  level  of  over  1 2%.  Mode  3  is  affected  the  least,  but  ne'er’s*- 
less  increases  by  50%  to  a  level  of  3.5%.  This  result  i» 
tent  with  previous  findings  regarding  the  role  of  the  •  Nr*  • 
composite  damping.^’!  Note  that,  for  nonunidirectionai  -v* 
arrangements  and  for  shell-type  structures  that  earn,  m  r<4n» 
loads,  fiber  damping  would  play  an  important  role  in  mtisi  . 
bration  modes. 

Additional  cases  were  also  considered,  including  hu«n  •  ^ 
giiudinal  and  radial  poling  of  piezo-coated  glass  fibers  .  < 
cases,  the  dominant  contributor  to  increased  composite  oamr 
ing  was  the  loss  factor  associated  with  longitudinal  fiber  jr  ' 
mation.  This  is  primarily  the  result  of  the  high  participwi*-*'  - 
composite  modal  strain  energy. 
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3.4  Experimental  Results 

Expenmenial  results  validating  the  general  concept  of 
shunted  piezoelectric  damping  using  monolithic  elements  (in¬ 
cluding  small.  1-mm  diam,  PZT  tubes)  have  been  reported  in 
the  literature.!' ■■*1  No  tine-scale  resistively  shunted  piezoelec¬ 
tric  fiber  composites  have  been  constructed  to  date,  although 
work  on  such  materials  is  in  progress. 


4.  Piezoelectric  Fiber  Fabrication 

Researchers  have  recently  fabricated  30-nm  diameter  PZT 
fibers  (PbZrQ  52Tio  4g03)  from  viscous  spinnable  solutions  pre¬ 
pared  by  sol-gel  processing  of  alkoxide  precursors.  Following 
heat  treatment,  these  fibers  were  found  to  consist  of  fully  dense 
submicron  grains  and  to  exhibit  dielectric  constants  of  800 
This  progress  is  discussed  in  detail  in  Ref  IS. 

The  additional  critical  aspects  of  fiber  electroding.  poling, 
and  integral  shunting  are  currently  under  investigation.  Various 
alternative  approaches  are  being  considered  for  each. 


S.  Summary  and  Conclusions 

In  summary,  there  is  a  need  for  structural  materials  with  en¬ 
hanced  intrinsic  vibration  damping  capability.  Although  re¬ 
searchers  have  recently  demonstrated  the  use  of  resistively 
shunted  piezoelectric  materials  to  increase  structural  damping, 
these  efforts  used  elements  with  dimensions  on  the  same  order 
as  those  of  structural  elements.  The  extension  of  this  emerging 
research  area  to  composite  materials  with  tailorable  frequency- 
dependent  damping,  along  with  corresponding  design  and 
analysis  tools,  shows  promise.  With  longitudinally  poled  fi¬ 
bers,  peak  modal  loss  factors  of  12%  are  theoretically  attain¬ 
able  in  a  PZT'S-glass/epoxy  composite,  even  at  relatively  tow 
(30%)  piezoceramic  fiber  volume  fractions. 

To  the  extent  practical,  piezoelectric  fiber  material  should 
be  poled  longitudinally  to  attain  the  maximum  damping;  the 
form  of  the  material  (coating  versus  separate  fiber)  is  unimpor¬ 
tant.  Successful  pursuit  of  this  avenue  of  development  would 
mark  a  significant  advance  in  the  technology  of  engineered 
structural  materials. 
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